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TRAUMATIC BRAIN INJURY (TBI) is a significant cause of disability and is accompanied by a wide range of emotional, cognitive, and motor disturbances that negatively impact quality of life. TBI produces a variety of neural alterations, including dysregulation of excitatory glutamatergic neurotransmission that can influence neuronal cell survival and impact learning and memory mechanisms such as LTP (e.g., Park et al. 2008; Cohen et al. 2007 ). Studies in both humans and rodents have found that injury-induced increases in neuronal Ca 2ϩ influx can trigger a variety of intracellular signaling cascades that ultimately affect receptor-mediated neurotransmission and cell survival. Because N-methyl-D-aspartate (NMDA) receptors are one of the main sources of Ca 2ϩ entry into cells and play important roles in synaptic plasticity and neuronal cell death, work in the TBI field has focused on understanding the role of these receptors in the production of TBI-induced neurological deficits. However, few studies have directly examined whether injury alters the function of NMDA receptors or differentially affects NMDA receptor subtypes.
NMDA receptors are heteromeric complexes composed of GluN1 and GluN2 subunits (GluN2A-D; see Collingridge et al. 2009 for NMDA receptor nomenclature). GluN2A-and GluN2B-containing receptors predominate in cortex (Groc et al. 2009; Luo et al. 1997) , and a substantial amount of research has focused on understanding differences in the distribution and function of these NMDA receptor subtypes. While it is somewhat controversial (see Kohr 2006 for review), GluN2B-containing NMDA receptors appear to be enriched in extrasynaptic regions of the neuron (Prybylowski and Wendthold 2004; Rumbaugh and Vicini 1999) , whereas GluN2A-containing receptors are enriched in synapses (Bartlett et al. 2007; Liu et al. 2004; Steigerwald et al. 2000) . The precise role of extrasynaptic GluN2B-containing and synaptic GluN2A-containing NMDA receptors in learning-related mechanisms like LTP and LTD and neurotoxicity is not fully understood.
Current evidence suggests that extrasynaptic, GluN2B-containing receptors mediate LTD induction (Ge et al. 2010; Liu et al. 2004; Massey et al. 2004) , whereas synaptic, GluN2A-containing receptors are crucial for LTP (Bartlett et al. 2007; Liu et al. 2004; Papouin et al. 2012) . However, there are cases where blockade of GluN2B-containing receptors, which should predominantly affect extrasynaptic receptor populations, does not block LTD (Berberich et al. 2005; Morishita et al. 2007 ). The role of distinct populations of NMDA receptors in neurotoxicity is somewhat more complicated (e.g., Wroge et al. 2012; Martel et al. 2009) , with examples of both extrasynaptic, GluN2B-containing Hardingham and Bading 2003) and synaptic, GluN2A-containing (Papouin et al. 2012 ) receptors contributing to neuronal cell death.
We recently found that in vitro stretch injury of cultured cortical neurons produces an increase in NMDA receptor activity that appears immediately after injury and subsides after 4 h (Goforth et al. 2011 ). Evidence obtained from several different TBI models suggests that injury may differentially affect GluN2B-containing NMDA receptors (DeRidder et al. 2006; Osteen et al. 2004; Schumann et al. 2008; Spaethling et al. 2012) . However, the specific role of these receptors in TBI-induced alterations has not been directly examined. For example, the activation of GluN2B-containing NMDA receptors has been implicated in the appearance of calcium-permeable AMPA (CP-AMPA) receptors after injury (Spaethling et al. 2012) . CP-AMPA receptors provide an additional route of Ca 2ϩ entry to the cell and contribute to delayed cell death following injury (Bell et al. 2009; Spaethling et al. 2008) . The extrasynaptic enrichment of GluN2B-containing receptors and their role in the appearance of CP-AMPA receptors has led to the hypothesis that injury may selectively affect this population of NMDA receptors. However, no studies have directly eval-uated the effect of TBI on the function of particular NMDAR subtypes or extrasynaptic vs. synaptic GluN2B-containing NMDA receptors.
To address this, we evaluated changes in NMDA receptor activity mediated by synaptic vs. extrasynaptic GluN2B-containing NMDA receptors. We also determined whether blockade of NMDA receptors with memantine or with the GluN2B-selective antagonist Ro 25-6981 after injury could prevent injury-induced increases in CP-AMPA receptor-mediated activity. We found that injury indeed selectively enhanced the contribution of extrasynaptic, GluN2B-containing receptors to NMDA-elicited activity without altering transmission mediated by synaptic NMDA receptors. In addition, treatment with Ro 25-6981 or memantine immediately after injury prevented the subsequent appearance of CP-AMPA receptors 4 h postinjury.
MATERIALS AND METHODS

Animals.
The procedures used were approved by the University of Michigan University Committee on the Use and Care of Animals in accordance with AAALAC and National Institutes of Health guidelines. Pregnant Sprague-Dawley rats (Harlan, Indianapolis, IN) obtained at 14 -20 days of gestation were housed individually. One-dayold pups were used to prepare cortical neurons and astrocyte cultures.
Cortical cultures. Primary neuronal cultures were prepared using standard methods (Huettner and Baughman 1986) as previously described (Goforth et al. 2011) . Neocortices of postnatal day 1 rats were isolated, dissociated with papain (37°C, 1.5 h, 10 U/ml; Worthington Biochemical, Lakewood, NJ), and rinsed with trypsin inhibitors and conditioned MEM (5% calf serum, 25 mM glucose, 100 U/ml penicillin, 100 g/l streptomycin, and 500 nM glutamine) that had been incubated overnight in flasks containing a confluent layer of astrocytes. Cells were plated at a density of 5 ϫ 10 5 cells/25-mm well onto a confluent layer of astrocytes grown on deformable Silastic membranes (Flexcell International, Hillsborough, NC). Cultures were maintained at 37°C in 95% air-5% CO 2 , and one-half of the media was replaced twice weekly with fresh conditioned MEM. Cultures were used for experiments after 15-18 days in vitro.
Mechanical stretch injury. Mechanical stretch injury was applied using a Cell Injury Controller II, as described previously (Tavalin et al. 1995) . A 50-ms pulse of compressed air was used to deform the Silastic membranes of the six-well culture plate (2.5-cm diameter) by 6.5 mm, corresponding to 38% stretch of the membrane and attached cells (McKinney et al. 1996; Tavalin et al. 1995) . Control cultures were treated identically, but did not receive mechanical injury.
General electrophysiological procedures. All electrophysiology experiments were conducted 15 min postinjury and were carried out at room temperature. Recordings included in each data set were made from at least three different culture preparations. Reported Ns indicate number of individual neurons. Patch pipettes (6 -7 M⍀) were pulled from 1.5-mm o.d. borosilicate glass capillaries (WPI, Sarasota, FL) using a horizontal puller (model P97; Sutter Instrument, Novato, CA), heat-polished, and then were filled with a solution containing (in mM): 135 CsAsp, 4 KCl, 2 NaCl, 10 EGTA, 0.2 CaCl 2 , 2 MgATP, 0.6 Na 2 GTP, and 10 HEPES (pH 7.2; 290 -295 mOsm). Cells were continuously superfused with bath-applied external solution at a flow rate of ϳ2 ml/min. Whole cell currents were measured from individual cortical pyramidal neurons using the tight-seal whole cell voltage clamp technique and an EPC 10 USB patch clamp amplifier (Heka Elektronik). Currents were filtered at 2 kHz and then digitized at 10 kHz using Patchmaster software (Heka Elektronik). Cortical pyramidal neurons were identified by their characteristic morphology. Neurons selected for analysis had stable series resistances (Rs) of Ͻ30 M⍀. Liquid junction potentials were not corrected in the recordings shown. All chemicals and drugs were purchased from Sigma Aldrich (St. Louis, MO) or Tocris Cookson (Bristol, UK).
Measurement of NMDA-elicited whole cell currents. Standard external recording solution contained (in mM): 130 NaCl, 4 KCl, 3 CaCl 2 , 2 MgCl 2 , 10 HEPES, 11 glucose, 0.01 glycine, 0.0005 tetrodotoxin (TTX), and 30 M bicuculline methiodide (BMI; pH 7.3, 300 -305 mOsm). Current-voltage (I-V) relationships were determined by applying a voltage ramp (Ϫ100 mV to ϩ40 mV, 16.7 mV/s) in the presence and absence of NMDA (100 M) or NMDA plus the GluN2B-selective antagonist Ro 25-6981 (1 M). Ro 25-6981 is an Ifenprodil derivative that is selective for GluN2B-containing NMDA receptors at the concentrations used here (Fischer et al. 1997; Kohr 2006) . For I-V experiments, all drugs were bath applied and then voltage ramps were applied following the establishment of steadystate holding current (Ͼ2 min.)
To examine maximal NMDA-elicited currents, whole cell recordings were obtained using external solution containing reduced MgCl 2 (0.05 mM without substitution of other ions) in the presence or absence of NMDA (100 M), and with or without Ro 25-6981 (1 M). Solutions containing NMDA and Ro 25-6981 were rapidly applied using an SF-77 Fast-Step rapid perfusion system (Warner Instrument, Hamden, CT), as previously described (Goforth et al. 1999) . For both types of experiments, NMDA-elicited currents and the contribution of GluN2B-containing NMDA receptors to responses were measured in the same cell. Additional experiments confirmed that NMDA-elicited currents were blocked by coadministration of the nonselective NMDA receptor antagonist D-(-)-2-amino-5-phosphonopentanoic acid (APV; 20 M) and that repeated application of NMDA did not result in appreciable current "run-down" (data not shown).
Measurement of extrasynaptic NMDA-elicited currents. To isolate extrasynaptic NMDAR-mediated current, synaptically activated NMDA receptors were first blocked using the open channel blocker MK-801 [(ϩ)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine-maleate] (Bengtson et al. 2008; Hardingham and Bading 2002; Harris and Pettit 2008; Huettner and Bean 1988; Ivanov et al. 2006) . After achieving the whole cell configuration, standard extracellular recording solution containing MK-801 (50 M) and BMI (30 M), and without TTX, was bath applied for 6 min, followed by perfusion with extracellular recording solution containing TTX (0.5 M for 3 min). These conditions promote spontaneous action potentials and glutamate release that allow MK-801 to block open NMDA receptors at synapses. Blockade of synaptic NMDA receptors was confirmed by examining the APV-sensitive component of miniature excitatory postsynaptic currents (mEPSCs) before and after MK-801 treatment in control and injured neurons. Following MK-801 treatment, NMDAelicited currents were recorded by locally applying NMDA with and without Ro 25-6981 (1 M) using standard external solution containing reduced MgCl 2 (0.05 mM).
Measurement of NMDA receptor-mediated sEPSCs and mEPSCs. Spontaneous excitatory postsynaptic currents (sEPSCs) were recorded using standard external solution containing BMI (30 M) and MgCl 2 (2 mM) with and without APV (20 M). In addition, 5 mM QX314 was added to the intracellular solution to block Na 2ϩ -dependent action potentials in the cell from which sEPSC recordings were made. mEPSCs were recorded using standard external solution containing TTX (0.5 M), BMI (30 M), and minimal MgCl 2 (0.05 mM) with and without APV (20 M).
Treatment with Ro 25-6981 or memantine after injury and measurement of CP-AMPA receptor-mediated activity. Cultures were injured as described above, and then vehicle, Ro 25-6981 (1 M), or memantine (10 M) was added to the well immediately after injury. Memantine is a noncompetitive antagonist of NMDA receptors believed to be an open-channel blocker (Wroge et al. 2012) . While memantine does not show clear subunit selectivity, it can show selectivity for extrasynaptic NMDA receptors (e.g., Xia et al. 2010; Léveillé et al. 2008; Lipton et al. 2007 ) at low concentrations (1-10 M). However, this selectivity is highly dependent on the open channel duration and is therefore affected by endogenous glutamate tone, magnesium levels, and possibly magnesium sensitivity of the NMDA receptor itself. The concentration used here is closer to therapeutic doses currently used to treat Alzheimer's and should not be assumed to solely affect extrasynaptic NMDA receptors. Cultures remained in the incubator in the presence of vehicle, Ro 25-6981, or memantine for 4 h. They were then thoroughly rinsed to wash out Ro 25-6981 and memantine prior to imaging. Control cultures were treated identically except that no injury was delivered in this case.
For [Ca 2ϩ ] i imaging, cultures were incubated with fura 2-AM (5 M; Invitrogen) in 0.01% pluronic acid (45 min, 37°C). Fura 2 fluorescence was imaged using an Olympus BX51W1 (Olympus, Tokyo, Japan) upright microscope equipped with a Hamamatsu Orca camera (Hamamatsu, Japan) and Ludl shutter/filter wheel (Ludl, Germany). Intracellular fura 2-AM was sequentially excited at 340 and 380 nm, the excitation wavelengths of Ca 2ϩ -bound and Ca 2ϩ -free fura 2-AM, respectively. Emitted fluorescence was collected at 510 nm every 2 s using IPLab 3.6.5 software (BioVision Technologies, Exton, PA). The ratio of fluorescence intensity generated in response to 340-nm and 380-nm excitation (F340/F380) was calculated and then plotted vs. time. Images were simultaneously collected from 8 -15 neurons per well.
Spontaneous [Ca 2ϩ ] i oscillations were monitored using standard external solution containing BMI (30 M) and APV (20 M), with and without the CP-AMPA receptor blocker 1-naphthylacetyl spermine trihydrochloride (NASPM; 50 M) as previously described (Goforth et al. 2011) . KCl (30 mM) was added at the end of each experimental run to confirm cell viability. Only those cells exhibiting an increase in [Ca 2ϩ ] i in response to KCl were included in the analysis. Solutions were applied at a flow rate of ϳ1 ml/min using a peristaltic pump. Changes in [Ca 2ϩ ] i were determined at least 3 min after drug application to ensure complete solution exchange had occurred and to allow neuronal activity to reach a steady state. Recordings were made from control and injured neurons from the same culture preparation, and experiments were repeated using neurons from at least three different preparations. All experiments were conducted at room temperature.
Data analysis and statistics. Data were analyzed using Igor Pro (WaveMetrics) and Mini-Analysis (Synaptosoft, Decatur, GA) software.
NMDA-elicited whole cell currents. For each cell, current/voltage (I-V) curves were determined in the absence of drug, in the presence of NMDA, and in the presence of NMDA ϩ Ro 25-6981. The NMDA-elicited current for each neuron was calculated as the difference between I-V curves measured in the presence and absence of NMDA. The GluN2B-sensitive component for each cell was calculated as the difference between I-V curves obtained in the presence of NMDA minus those obtained in the presence of NMDA ϩ Ro 25-6981. Peak NMDA-elicited and Ro 25-6981-sensitive currents were then determined for each neuron. For experiments in reduced MgCl 2 and after synaptic NMDA receptor blockade with MK-801, the maximal current elicited by NMDA and NMDA ϩ Ro 25-6981 was determined for each cell, and the GluN2B-sensitive component was calculated as the difference between the maximal current observed in the presence of NMDA minus maximal current in the presence of NMDA ϩ Ro 25-6981. Statistical analysis was performed using Prism 5 (GraphPad Software, San Diego, CA). For both sets of experiments, NMDA-elicited currents and the Ro 25-6981 sensitivity of these NMDA currents were measured within the same cell, but were graphed separately to simplify data presentation. Thus, post hoc analyses were conducted only after significant group ϫ drug interaction using one-way ANOVA; P Ͻ 0.05.
In our cultures, sEPSCs occur in bursts that can exhibit complex waveforms (see Fig. 4A ). To quantify the APV-sensitive component of sEPSCs, for each cell, sEPSC charge transfer was averaged from at least five bursts in the presence and absence of APV (20 M) and compared between control and injured neurons. The NMDAR-mediated component was determined by subtracting the charge transfer in the absence and presence of APV. For studies of mEPSCs, individual mEPSC events were detected using an amplitude threshold of 5 pA (Synaptosoft, Decatur, GA) and were then confirmed visually. At least 85 events per drug treatment were used per neuron. The NMDA receptor-mediated and GluN2B-mediated components of the mEPSCs were calculated as differences in mEPSC amplitude or charge transfer (time integral of EPSC current) recorded in the presence or absence of APV or Ro 25-6981, respectively, in the same cell.
For calcium imaging data, [Ca 2ϩ ] i levels were baseline subtracted and then analyzed using a custom program implemented in MatLab software (The MathWorks, Natick, MA). [Ca 2ϩ ] i oscillation amplitude was calculated as the change in fura 2-AM ratio from baseline (⌬F340/F380). CP-AMPA receptor-mediated activity was calculated as the % inhibition of [Ca 2ϩ ] i amplitude in the presence of NASPM.
RESULTS
Injury increases whole cell NMDA-elicited currents mediated by GluN2B-containing NMDA receptors. To measure the NMDA-elicited whole cell currents of control and injured neurons, we used two complementary approaches. First, current-voltage relationships were measured in the presence and absence of NMDA (100 M) in control and injured neurons bathed in solution containing 2 mM MgCl 2 . Mean peak NMDA-elicited current was significantly greater in injured vs. control neurons ( Fig. 1A; control n ϭ 12, injured n ϭ 10: 2-tailed t-test: P Ͻ 0.05). In addition, the voltage at which the peak NMDA-elicited current occurred was hyperpolarized in injured vs. control neurons (Fig. 1B inset; 2-tailed t-test: P Ͻ 0.05). Importantly, NMDA-elicited current measured at the same voltage (Ϫ27 mV or Ϫ65 mV), rather than at peak current, was also significantly increased after injury (data not shown). Second, in separate experiments, NMDA was applied acutely to neurons voltage clamped to Ϫ65 mV and bathed in extracellular solution containing 0.05 mM MgCl 2 . These conditions minimize Mg 2ϩ block of NMDA receptors to allow us to measure the maximal NMDA receptor conductance. Similar to results obtained from the I-V experiments, maximal NMDAelicited current was significantly increased after injury ( Fig.  1C; control n ϭ 12, injured n ϭ 5; 2-tailed t-test: P Ͻ 0.05). Representative I-V plots of the NMDA-elicited currents for control and injured neurons are shown in Fig. 1B , and representative NMDA-elicited currents in reduced MgCl 2 are shown in Fig. 1D . Using either approach, NMDA-elicited current was increased in injured neurons.
To determine whether injury preferentially enhances the function of GluN2B-containing NMDA receptors, we tested the sensitivity of whole cell NMDA-elicited currents to the selective GluN2B antagonist Ro 25-6981. Representative whole cell difference currents (presence of NMDA minus NMDA ϩ Ro 25-6981) plotted against linear voltage ramps from Ϫ100 mV to ϩ40 mV (6 s) are shown in Fig. 2B . Analysis of I-V curves showed that the peak Ro 25-6981-sensitive NMDA elicited current was significantly greater in injured vs. control neurons ( Fig. 2A ; control n ϭ 6, injured n ϭ 6; 2-tailed t-test: P Ͻ 0.05). We also determined whole cell difference currents (presence of NMDA minus NMDA ϩ Ro 25-6981) during local application of drug in reduced MgCl 2 . Similar to I-V results, the Ro 25-6981-sensitive NMDA-elicited current measured in reduced MgCl 2 was also increased after injury, although this did not reach statistical significance [data not shown; control n ϭ 12 (113.4 pA, Ϯ 45.8), injured n ϭ 5 (254.3 pA Ϯ 117.3; P ϭ 0.09)].
Injury increases extrasynaptic GluN2B receptor-mediated whole cell currents. To test the hypothesis that injury-induced increases in NMDA receptor current were due to a change in extrasynaptic GluN2B-containing receptors, we first blocked synaptic NMDA receptors using a standard approach. Cultures were incubated with the NMDA receptor open channel blocker MK-801 for 6 min (see MATERIALS AND METHODS for details). Successful blockade of synaptic NMDA receptors was confirmed by measurement of the D-APV-sensitive, NMDA receptor-mediated, component of the mEPSC after MK-801 treatment. As shown in Fig. 3 , A and B, APV had no effect on mEPSC amplitude or charge transfer following MK-801 treatment (n ϭ 5), confirming that MK-801 treatment selectively blocked synaptic NMDA receptors.
We then measured Ro 25-6981-sensitive NMDA-elicited current in a separate set of control and injured neurons following MK-801 treatment. Consistent with the hypothesis that extrasynaptic GluN2B-containing receptors are potentiated by injury, the injury-induced increase in Ro 25-6981-sensitive whole cell current persisted even after synaptic NMDA receptors were blocked with MK-801. Thus, mean Ro 25-6981- sensitive NMDA-elicited current was significantly greater in injured vs. control neurons ( Fig. 3C ; control n ϭ 8, injured n ϭ 8; 1-tailed t-test, P Ͻ 0.05). In addition, no differences were observed in the residual Ro 25-6981-insensitive (i.e., non-GluN2B-mediated) extrasynaptic NMDA-elicited whole cell current of control vs. injured neurons (Fig. 3D) . Together, these data strongly suggest that injury increases the activity of extrasynaptic, GluN2B-containing NMDA receptors. Representative traces from a control and injured neuron following MK-801 treatment are shown in the presence of NMDA and NMDA ϩ Ro 25-6981 (Fig. 3, C and D) . Injury does not alter synaptic NMDA receptor-mediated currents. Next, we examined the effect of injury on sEPSCs and mEPSCs mediated by NMDARs. As shown in Fig. 4A , in the presence of bicuculline, sEPSCs occur as bursts of multiple events. The NMDAR-mediated sEPSC charge transfer appeared increased in injured vs. control neurons, but this difference did not reach statistical significance ( Fig. 4A ; control n ϭ 7, injured n ϭ 9; 2-tailed t-test, P Ͼ 0.05). We observed no consistent effect of injury on the APV sensitivity of sEPSC bursts, which reflect varying degrees of presynaptic glutamate release and postsynaptic receptor activation at multiple synapses. Thus, to more directly evaluate injury-induced changes in postsynaptic NMDA receptors, we also recorded mEPSCs in minimal magnesium (0.05 mM). Consistent with our previous results (Goforth et al. 2011 ), injury did not alter the mean APV-sensitive component of mEPSC amplitude or charge transfer ( Fig. 4B ; control n ϭ 6, injured n ϭ 5). The average mEPSC waveform of an individual control neuron measured in the presence and absence of APV, and NMDA receptormediated difference currents, are shown in Fig. 4B . In addition, we found that mean Ro 25-6981-sensitive mEPSC amplitude and charge transfer were also unaffected by injury ( Fig. 4C ; control n ϭ 11, injured n ϭ 9). The average mEPSC waveforms for an individual control neuron measured in the presence or absence of Ro 25-6981 and resulting GluN2B receptormediated difference current are shown in Fig. 4C .
Blocking NMDA receptors following injury prevented increased CP-AMPA receptor activity. Because NMDAR activation has been linked to the upregulation of CP-AMPA receptors following injury (Schumann et al. 2008; Spaethling et al. 2012) , we determined whether blockade of NMDA receptors with memantine or GluN2B-containing NMDA receptors using Ro 25-6981 would in turn prevent injury-induced increases in CP-AMPA receptor-mediated activity (Bell et al. 2009; Goforth et al. 2011; Spaethling et al. 2008) . We examined the contribution of CP-AMPAR activity to [Ca 2ϩ ] i oscillations resulting from spontaneous network activity. Measurement of neuronal [Ca 2ϩ ] i oscillations is a reliable measure of actionpotential driven network activity and permits the examination of overall excitatory neurotransmission within a large network of neurons, rather than in single cells. In addition, we find good agreement between the amount of NASPM sensitivity of [Ca 2ϩ ] i oscillations (ϳ20% increase after injury) and NASPMsensitive synaptic currents (also ϳ20% increased after injury) (Goforth et al. 2011) .
Cultures were treated with vehicle, Ro 25-6981, or memantine immediately after injury, and the drug remained present for 4 h after injury. The contribution of CP-AMPA receptors to neuronal activity was then examined by determining the sensitivity of synaptically driven neuronal [Ca 2ϩ ] i oscillations to the CP-AMPA receptor blocker NASPM as previously described (Goforth et al. 2011) . The mean percent inhibition of [Ca 2ϩ ] i by NASPM 4 h after injury is shown in Fig. 5 . Consistent with previous reports, a 20% increase in NASPM sensitivity was observed 4 h after injury (Fig. 5, A and B; 1-way ANOVA, P Ͻ 0.05) (Bell et al. 2009; Goforth et al. 2011; Spaethling et al. 2008) . Treatment with Ro 25-6981 (Fig.  5A) or memantine (Fig. 5B) immediately after injury prevented injury-induced increases in CP-AMPA receptor-mediated activity. Thus, blockade of GluN2B-containing or more general blockade of NMDA receptors were both able to prevent injuryinduced increases in CP-AMPA receptor function even when the drugs were administered after injury. In addition, NAPSM sensitivity was significantly lower in injured vs. control neurons treated with Ro 25-6981 (2-tailed t-test, P ϭ 0.008) but was similar for injured and control neurons treated with memantine.
DISCUSSION
Alterations in NMDA receptor expression and activity have been observed following in vivo and in vitro TBI (Beigon et al. 2004; Goforth et al. 2011; Kumar et al. 2002; Lea et al. 2003; Osteen et al. 2004; Zhang et al. 1996) . We recently reported that mechanical stretch injury transiently increased NMDA receptor-mediated activity immediately after injury and in- creased CP-AMPA receptor-mediated transmission 4 h later (Goforth et al. 2011) . Here, we directly evaluated injury-induced changes in the contribution of synaptic vs. extrasynaptic GluN2B-containing NMDA receptors to this enhancement. In addition, we determined the role of GluN2B-containing receptors in the upregulation of CP-AMPA receptor-mediated activity following injury.
Using complementary approaches, we found that injuryinduced increases in NMDA receptor-mediated activity were predominantly due to an increase in the contribution of GluN2B-containing NMDA receptors located at extrasynaptic regions. No differences in synaptic NMDA receptor-mediated transmission were found. In addition, postinjury blockade of GluN2B receptors with Ro 25-6981 or NMDA receptors with memantine prevented injury-induced increases in CP-AMPA receptor-mediated activity.
Our finding that injury enhanced peak NMDA-elicited current (Fig. 1) is consistent with previous reports that mechanical injury increases NMDA receptor-mediated activity as measured by [Ca 2ϩ ] i oscillations (Goforth et al. 2011 ) and single cell recordings (Lea et al. 2003; Zhang et al. 1996) . Furthermore, the current results are consistent with reports of increased NMDA receptor expression (Schumann et al. 2008 ), binding (Beigon et al. 2004 , and spontaneous activity (Goforth et al. 2011 ) after injury. Unlike our previous results (Zhang et al. 1996) , the voltage dependence of NMDA-elicited currents was not strongly reduced by injury in the current study. However, there was a significant leftward shift in the peak voltage in injured neurons compared with controls (Fig. 1B,  inset ) that is consistent with a modest reduction in magnesium sensitivity predicted by modeling NMDA receptor properties (Li et al. 1996) .
In our previous work (Zhang et al. 1996) , neurons were not cultured on an astrocyte bed, as they were in the current study. However, it is not likely that this difference can account for the change in magnitude, as Lea et al. (2003) found that the presence or absence of astrocytes did not dramatically alter the ability of injury to reduce magnesium sensitivity. Another difference between our current and previous results is the number of days in vitro (15-18 DIV used here vs. 10 -15 DIV previously) prior to injury and recording. Although both ranges of culture duration coincide with the presence of mature glutamatergic synapses, the balance of GluN2A/GluN2B-containing receptors in cultured cortical neurons does gradually increase from DIV 12-21 (Li et al. 1998) , raising the intriguing possibility that this balance may influence the effect of injury on magnesium sensitivity. It is important to point out that the complement of GluN2A/GluN2B as well as the synaptic and extrasynaptic location of these receptors at the DIV used here closely corresponds to that found in postnatal rat brains in vivo (Monyer et al. 1994; Portera-Cailliau et al. 1996; Sheng et al. 1994) . Indeed, expression of GluN2A at all developmental ages is lower than that of GluN2B and restricted to synapses (Flint et al. 1997; Li et al. 1998) . This is consistent with our observation that the majority of the whole cell NMDA-elicited current was sensitive to blockade by Ro 25-6981 (Fig. 1A vs. Fig. 2A ), while synaptic currents contained a Ro 25-6981-insensitive component (Fig. 4B vs. 4C) .
While changes in overall NMDA receptor activity and subunit levels have been observed following TBI, this is the first report to our knowledge of subtype and subcellular localization-specific alterations in the function of NMDA receptors. Specifically, we observed an injury-induced potentiation of the function of GluN2B-containing NMDA receptors (Fig. 2) . This result is consistent with previous reports of an increase in the ratio of GluN2B:GluN2A protein expression after in vivo injury (Osteen et al. 2004) . Furthermore, the potentiation was selectively mediated by extrasynaptic receptors, as evidenced by the persistence of injury-induced increases in GluN2B receptor-mediated current despite the blockade of synaptic NMDA receptors with MK-801 (Fig. 3C) . While we cannot rule out the possibility that MK-801 could block some extrasynaptic NMDA receptors activated by glutamate spillover from synapses, this is highly unlikely given that experiments were conducted 15 min after injury, when extracellular glutamate is no longer elevated (Li et al. 1996) , and in a perfused bath.
In further support of a selective effect of injury on extrasynaptic NMDA receptors, injury did not alter the contribution of NMDARs to mEPSCs, nor could we detect a shift in the contribution of GluN2B-containing receptors to the mEPSCs (Fig. 4) . Together, the data suggest that injury-induced increases in GluN2B-mediated whole cell currents are predominantly due to changes in the extrasynaptic NMDA receptor population. Future experiments will be needed to determine whether the enhanced NMDA-elicited currents we observed reflect changes in the properties and/or the expression of extrasynaptic NMDA receptors.
Extrasynaptic GluN2B-containing receptors have been linked to LTD induction (Massey et al. 2004 ) and altered signaling via CREB and ERK in neurons (Atkins et al. 2009; Hardingham et al. 2002; Ivanov et al. 2006) . The balance between the activation of synaptic and extrasynaptic NMDA receptors can also influence cell survival Hardingham 2009; Léveillé et al. 2008; Zhang et al. 2007 ). Thus, by enhancing the extrasynaptic, GluN2B-containing population of NMDA receptors, TBI may set the stage for altered neuroplasticity and help shape the response to subsequent neuronal insults. For example, a shift in the complement of extrasynaptic NMDA receptors and thus an alteration in the balance between synaptic and extrasynaptic receptors may contribute to complications associated with TBI, including posttraumatic epilepsy.
The activation of NMDA receptors has also been linked to the upregulation of CP-AMPA receptors after injury (Bell et al. 2009; Spaethling et al. 2008) . CP-AMPA receptors are not usually abundant in mature cortical neurons and provide an additional route for calcium entry into the cell (Cull-Candy et al. 2006; Liu and Zukin 2007) . Thus, their activity has been linked to injury-induced cell death (see Park et al. 2008 for review). In addition, although the role of CP-AMPA receptors in plasticity and cell signaling is not well defined (Man 2011) , increases in CP-AMPA receptors have been associated with drug addiction (Conrad et al. 2008; Ferrario et al. 2011 ) and scaling after deprivation of synaptic activity (Turrigiano 2008) . Thus the possibility that the appearance of CP-AMPA receptor after injury may represent a maladaptive "recovery" mechanism that warrants further investigation. Spaethling et al. (2012) recently showed that blocking NMDA receptors at the time of injury attenuated AMPAstimulated Ca 2ϩ entry 4 h later. This suggests that NMDA receptor blockade may be able to prevent enhanced CP-AMPA recep-tor-dependent activity. We examined the effect of postinjury blockade of NMDA receptors with memantine or GluN2B-containing NMDA receptors with the selective antagonist Ro 25-6981 on CP-AMPA receptor-mediated [Ca 2ϩ ] i oscillations 4 h after injury (compounds were present throughout the 4-h postinjury period, but not at the time of injury or at the time of imaging).
As expected, injury increased the CP-AMPA receptor-mediated component of synaptically driven [Ca 2ϩ ] i oscillations, as indicated by an enhanced sensitivity of [Ca 2ϩ ] i oscillation amplitude to the CP-AMPA receptor-selective blocker NASPM (Fig. 5) . Blockade with either compound prevented this injury-induced increase. However, Ro 25-6981 treatment was more effective than memantine, suggesting that selectively targeting GluN2B-contatining receptors may be beneficial. In addition, both Ro 25-6981 and memantine produced the opposite effect in uninjured control neurons; that is, we observed a slight increase in CP-AMPA receptor-mediated [Ca 2ϩ ] i oscillations in uninjured control neurons with either drug. This opposing effect on injured vs. uninjured neurons was more pronounced in memantine-treated cultures and is likely due to the differences between the mechanism of action of these two compounds. For example, memantine does not show clear subunit selectivity, but rather is affected by the duration of NMDA receptor channel opening, extracellular vs. synaptic glutamate levels, and magnesium concentration (for discussion see Wroge et al. 2012) . Given that TBI in vivo affects some neuronal populations and not others, it will be important to determine, in future studies, whether the effects observed in healthy neurons negatively impact the benefits seen in the injured neurons. It is also interesting to consider these differences in light of our observed injury-induced shifts in NMDA receptor profile. Although speculative, it is possible that a shift towards a greater contribution of extrasynaptic GluN2B-containing receptors promotes CP-AMPA receptor activity. This could help explain the opposing effects in uninjured vs. injured neurons. It is also important to remember that while GluN2B-containing receptors are enriched in extrasynaptic regions, they are not absent from synapses, as can be seen by their small contribution to the mEPSC (Fig. 4C) . Thus, the ability of Ro 25-6981 and memantine to prevent injury-induced increases in CP-AMPA receptor-mediated activity may not be limited to effects on extrasynaptic receptors.
In summary, the current study is the first to examine the effect of injury on the function of subpopulations of NMDA receptors (extrasynaptic and GluN2B containing). Injury-induced increases in NMDA receptor-mediated activity were predominantly due to a greater contribution of extrasynaptic, GluN2B-containing NMDA receptors, while no differences in synaptic NMDA receptor-mediated transmission were observed. In addition, blocking GluN2B-containing receptors for up to 4 h after injury prevented subsequent increases in CP-AMPA receptor-mediated activity. Thus, the data presented here support the idea that postinjury treatment using antagonists that target GluN2B-containing receptors can effectively block some of the deleterious effects of TBI.
